The electrophoretic deposition of TiO 2 -iron oxide nanocrystal monolayers from stable, mixed colloidal suspensions by electrophoretic deposition using non polar solvents is reported. The selective deposition of TiO 2 was accomplished by controlling the mobility of the nanocrystals and the voltage during electrophoretic deposition. The effect of the electrophoretic deposition processing parameters (voltage and particle mobility) on the promotion and suppression of nanocrystal deposition was investigated.
Introduction
Films composed of nanocrystals (NCs) of dissimilar composition, shape, and/or size are gaining significant attention because of the potential multifunctional properties that these materials exhibit that can be tailored and tuned. Several examples of these types of materials exist, but one type of mixture with many applications is the mixture of nonmagnetic, semiconductor with an optical band gap determined by nanocrystal size, such Titanium dioxide (TiO 2 ) nanocrystals [1] , with magnetic nanocrystals, such iron oxide (IO) to form a novel magneto-optical materials [2] . Magneto-optical (MO) phenomena have found applications in optical and magnetic data storage, magnetic field sensors, optical isolators, fast optical modulation, and biosensors [4] [5] [6] [7] . In light of these applications, controlled growth of the nanocrystal films to the monolayer scale is of notable importance.
Among the various physical and chemical film deposition technologies, electrophoretic deposition (EPD) is gaining more attention due to the following features: (i) excellent film uniformity, (ii) high deposition rates, (iii) maintenance of the original composition and phase of the deposited nanocrystals, (iv) conformal coverage on complex geometries, and (v) good adhesion and dense microstructures. EPD also offers a simple design set-up providing substantial thickness control at rapid deposition rates, and can be used on any nanocrystal size, shape, and type. Recently, EPD has been conducted on nanocrystals suspended in non-polar solvents. The ultimate aims of using non-polar solvents include: 1) suppression of the van der Waals interactions between nanocrystals, which frequently results in particle agglomeration or aggregation before the nanocrystals reach the electrode and 2) minimization of the electrolysis of the polar suspension solvent, which leads to difficulty to control both hydrodynamics and electrohydrodynamics of the suspension [8] [9] [10] .
In this study, we report the fabrication of composite TiO2-IO NC monolayers by electrophoretic deposition from stable composite suspension dispersed in non-polar solvents. In addition, we investigate the effect of EPD processing parameters (voltage and nanocrystal electrophoretic mobility) on the promotion and suppression of nanocrystal deposition.
Experimental
Suspension preparation. TiO 2 nanocrystals were synthesized via solvothermal synthesis in a presence of oleic acid and purified, as described previously by the authors [11] . Core/shell NCs of iron oxide (IO) phases wüstite and magnetite (FeO/Fe 3 O 4 ) were synthesized using thermal decomposition [12] of an iron oleate precursor in the presence of oleic acid [9] . The mixed TiO 2 and IO nanocrystal suspension for employment in electrophoretic deposition was prepared in hexane. Zeta potential and hydrodynamic diameter measurements of the nanocrystal suspensions were performed on a Malvern Zetasizer Nano ZS.
Electrophoretic deposition and Characterization.
The EPD technique was employed to deposit the mixed TiO 2 -IO nanocrystals from suspension onto phosphorous-doped silicon wafers (n-type, MEMC Electronic Materials SDN). The electrodes were cut to the size of 3.0cm × 2.5cm for EPD. Then, the electrodes were cleaned using a sequence of isopropanol, deionized water, acetone, and hexane with an intermediate drying step using a stream of nitrogen after each subsequent use of a solvent. For some EPD experiments, a transmission electron microscopy (TEM) copper grid covered with ultra-thin carbon type-A film (Ted Pella, Inc.) was affixed to a Si substrate with an ultrathin copper wire (0.25mm nominal diameter, Omega Engineering, INC). This facilitated TEM analysis of the monolayers, acquired with a Philips CM 20 transmission electron microscope operating at 200kV. The electrodes were mounted in a vertical, parallel-plate configuration with a gap of ~2.5 mm. A Keithley 6517A electrometer applied a DC bias to the electrodes and measured the current that flowed through the suspension during the deposition. A typical EPD experiment involved the following sequence: insertion of an electrode pair into the EPD suspension (deposition area: ~2.5cm × 2.5 cm), application of DC voltage, extraction of the electrode pair from the suspension, desiccation of the electrodes in air for 1 minute while maintaining the applied voltage, and cessation of the applied voltage.
Results and Discussion
The suspension was prepared by mixing 1mL of 11.7 mg/mL TiO 2 suspension with 9 mL of 4.0 mg/mL of IO suspension. The resulting suspension contained 75% TiO 2 NCs and 25% IO NCs. In our previous research, TEM images revealed that the as-synthesized TiO 2 NCs have a diameter of 6.5 ± 0.5 nm after cleaning [11] , while the average hydrodynamic diameter for the IO nanocrystals was 10 nm ± 3 nm ( Figure 1 ) comparable to the diameter determined from TEM [9] . Figure 1 shows the hydrodynamic size distribution of the mixed TiO 2 -IO suspension after 24h of stabilization. The average diameter of colloids in the mixed suspension was 10.8 ± 2.8nm; no evidence of agglomeration or aggregation of the nanocrystals was observed after 24h. The zeta potential distribution of the TiO 2 -IO suspension after stabilizing for 24h was measured ( Figure 2) . The graph indicated a trimodal distribution of zeta potentials for the suspension, 
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Electrophoretic Deposition: Fundamentals and Applications IV with peaks at -24.5 mV, 38.1 mV and 80.83 mV. Figure 2 also displayed the zeta potential distribution of the individual TiO 2 and IO suspensions. The three zeta potential distributions possessed similar, yet distinct characteristics. The TiO 2 zeta potential distribution was monomodal and centered at -1.4 mV; the IO distribution was bimodal with peaks centered at -10.7 mV and 48.4 mV. The zeta potential of IO was larger than the zeta potential of TiO 2 ; this behavior was consistent with the clear similarity of the zeta potential peak distributions among the IO NC suspension and the mixed NC suspension. Hence, we can conclude that the zeta potential and, hence, the charge state of the semiconductor-magnetic TiO 2 -IO NC suspension was dominated by the corresponding zeta potential and charge state of the IO NC suspension.
In our previous study of EPD of IO NCs, 500V at 60s were established as the optimum settings to obtain IO monolayers [9] . This information guided our choice of conditions for the TiO 2 NC and TiO 2 -IO NC deposition experiments. Figure 3 shows the variation of the current density versus time collected when EPD was conducted with a suspension of TiO 2 NCs at different voltages: 500V, 750V and 1000V. TiO 2 NC suspensions used for this experiment had the same concentration 1.7mg/mL as that used for the IO NC experiments. As seen in the figure, the larger the applied voltage was, the larger the measured electrophoretic current was. This behavior is typical for EPD experiments in non-polar solvents [8, 10] . To study the EPD parameters using the mixed TiO 2 -IO NC suspensions, two experiments were performed. For the first experiment, the optimum voltage (500V) to obtain a monolayer from the IO NC suspension was used. Figure 4a shows the corresponding current density versus time graph obtained when 500V was applied for 120s. In this case, an EPD experiment that involved alternating static and dynamic steps was conducted.
Initially, the electrode was inserted completely into the EPD cell, and 500 V was applied across the electrodes for 10 s (static step 1). After that, the electrodes were steadily extracted 25 mm over 40s with the voltage on (dynamic step 1); next, EPD was performed for 20s (static step 2). Finally, the electrodes were very slowly extracted from the suspension, with the voltage still on. The period for this extraction was 60s (dynamic step 2). Hence, the dynamic steps of the experiment correspond to intervals, from the beginning of the experiment, from 10s to 50s and from 70s to 120s. Figure 4a only shows the static intervals, i.e., from 0s to 10s and from 50s to 70s. Dynamic EPD provides a means for substantial control over the kinetics and kinematics of the deposition. On the other hand, we noticed that the initial current density dropped from 16 nA/cm 2 , for the first interval, to 10.5 nA/cm 2 for the second interval, indicating the strong dependence of the current density on the concentration of charged nanocrystals. 
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For the second experiment, 1000 V during 120 s was applied to a fresh TiO 2 -IO NC suspension. Figure 4b shows the current density versus time graph obtained. In this experiment, the initial current density, 83 nA/cm 2 , was higher than the initial current density obtained in the previous experiment, conducted at a lower voltage (500V). This obviously confirmed that the higher the applied voltage during electrophoretic deposition was, the larger the total amount of charge was that locomoted to the electrode. This result indicated the strong correlation among the deposition and the applied voltage. The different magnitudes of the current densities, when different voltages were applied, acted as an indicator of the composition of NCs that were depositing, since the NCs were of different diameters and charge states. If each nanocrystal carried the same charge and if Figure 4a and 4b corresponded to the current densities during monolayer formation, the deposition that corresponded possessed the larger density of nanocrystals per area in the monolayer should have the higher current density. Since the TiO 2 nanocrystals were much smaller in diameter than the IO NCs, more TiO 2 NCs were needed per unit area than IO NCs to form a monolayer. Thus, the TiO 2 NCs should yield a larger electrophoretic current density.
TEM images of films produced from TiO 2 -IO NC suspensions, using 500V and 1000V, are shown in Figure 5 . Both applied voltages yielded NC monolayer films; however, marked differences in the deposited constituents existed. The monolayer obtained after applying 500 V was comprised predominantly of IO nanocrystals, whereas the monolayer obtained at 1000V was comprised of IO NCs and TiO 2 NCs. This strongly suggested that 500V was insufficient to deposit TiO 2 NCs from the suspension, but 1000V was sufficient to deposit TiO 2 NCs. Interestingly, this result was consistent with the results obtained from the current density analysis. These data convincingly demonstrate the ability to deposit nanocrystals selectively from a mixed suspension, depending on the selection and tuning of EPD processing parameters, namely voltage and nanocrystal electrophoretic mobility.
Conclusions
TiO 2 -Iron oxide nanocrystal monolayers were assembled on doped-silicon substrates by electrophoretic deposition using stable, non-polar solvent-based nanocrystal suspensions. The effect of EPD processing parameters (voltage and nanocrystal electrophoretic mobility) on the promotion and suppression of nanocrystal deposition was investigated. Current density and image analysis provided evidence to conclude that the applied voltage can inhibit or facilitate the deposition of nanocrystals in suspension with low electrophoretic mobility.
